Abstract: Carbon-based materials are typical and commercially active electrode for supercapacitors due to their advantages such as low cost, good stability and easy availability. In the light of energy storage, supercapacitors mechanism is classified into EDLCs (electrochemical double layer capacitors) and pseudocapacitors. Multidimensional carbon nanomaterials (active carbon, carbon nanotube, graphene, etc.), carbon-based composite and corresponding electrolyte are the critical and important factor in the eyes of researcher. In this minireview, we will discuss the storage mechanism and summarize recent developed novel carbon and carbon-based materials in supercapacitors. The techniques to design the novel nanostructure and high performance electrodematerials that facilitate charge transfer to achieve high energy and power densities will also be discussed.
Introduction


In terms of energy storage devices, there are three main electrochemical systems, namely, battery, EC (electrochemical capacitor) and capacitor [1] . Differing from conventional capacitors and batteries, ECs (also called supercapacitors, SC) are highly valued by researchers since their good performance in delivering significant energy in the high-power or pulse-power forms. Specifically, SCs can instantaneously provide relatively higher power density (15 kW/kg) than batteries (e.g. up to 1 kW/kg for Li-ion battery), and higher energy density (5 Wh/kg; Conway 1999) than conventional dielectric capacitors, but lower energy density than Li-ion battery (180 Wh/kg). Such excellent properties make SC promising energy storage devices in many applications including hybrid electric vehicles, consumer electronics, memory back-up systems and industrial power and energy management [2] , but still the challenge of lower energy density and longer cycle-life remains to be addressed.
The related energy storage performance is mainly attributed to two kinds of approaches, namely, electric double-layer capacitance and a pseudocapacitive contribution of quick faradaic reactions resulting from surface functionalities at the electrode/electrolyte interface. The double-layer capacitance is a typical charge storage mechanism and the ability of charge is depended on the surface feature of active materials, charge transmission path and electrolyte properties. The increasing the surface of material, shortening the charge transmission distance and studying high-performance electrolyte are recent typical research interests. Besides, for the pseudocapacitive contribution in capacitor, the polarization of surface functional groups on corresponding active material plays a positive role in terms of enhancing the surface wettability in aqueous electrolyte and decreases the resistance. However, the faradaic reactions of these functional groups are often limited and unstable during long-term cycling.
At present, carbon materials including ACs (activated carbons), CNTs (carbon nanotubes) and carbon-based composites and hybrids are developed as
Supercapacitor Types and Corresponding Energy Storage Mechanisms
With respect to the sorts of electrode materials, SCs can be divided into three classes: carbon-based SCs, metal oxides SCs, and conductive polymers SCs. Initially, we make a short summary for the metal oxides capacitors and conductive polymers capacitors. As an important candidate material for SC, transition metal oxides have been aroused a great attention because of their high specific capacitance coupled with very low resistance resulting in a high specific power, which makes them very appealing in commercial applications [3] . In the early research, RuO 2 is a promising SC material due to its high specific capacitance, long cycles life, high conductivity, good electrochemical reversibility and high rate capability. 1.10 ) NWs (nanowires) (9893.75F/g at 0.5 A/g) [6] . These founding enrich the SC materials and are in light of the designing concept.
Simultaneously, researchers also develop another kind of SC active material using CPs (conducting polymers), due to their low cost, low environmental impact, high conductivity in a doped state, high voltage window, high storage capacity, porosity/reversibility, and adjustable redox activity through chemical modification [7] . CPs possess the structure of the π-conjugated polymer chains and have the feature of the fast and reversible oxidation and reduction processes. The redox reactions in the CPs happen throughout their entire materials, not just on the surface due to the reason that ions are easily transferred/released from the polymer backbone into the electrolyte when oxidation/reduction takes place. CPs can be positively and negatively charged with ion insertion in the polymer matrix to be "p-doped" and "n-doped" polymers, respectively. CPs can be classified into three major catteries: symmetric "p-p", asymmetric "p-p′" and asymmetric "n-p′" types. The common electrical CPs in SC applications are PANI (polyaniline), PPy (polypyrrol), PTh (polythiophene), and their corresponding derivatives. Recently a lot of CPs-based composites are also developed such as PANI-MWNTs, PPY-graphene, PPY-RuO 2 , PANI-Ti, PANI-Si, etc.
For the advanced SC in practical application, four parameters including energy density, power density, voltage window and cycle life are very significant. However, the improvement of operation voltage and higher energy is often accompanied by sacrificing power density and cycle life. Various active materials were investigated to address these issues, for instance, oxides, conducting polymer, carbon and their hybrids. In most of commercialized system, the SCs are often used carbon materials (about 95%) as the active material due to its advantages such as good conductivity, low cost and high surface area, thus we will discuss SCs using carbon related materials as the active electrode materials.
SCs as a kind of new energy storage device have different energy storage mechanism with conventional capacitors. According to the different energy storage mechanism, SCs ought to be classified into three types: EDLCs (electrochemical double layer capacitors), pseudocapacitors and the compound of two types above ( Fig. 1) [8] . EDLCs mainly rely on the electrical double layer effect which reserves static charges on the interface of electrodes and electrolytes. Pseudocapacitors bear fast and reversible faradaic redox reactions at the surface of active materials. Because of faradaic redox reactions, the cycle lives of pseudocapacitors are lower than the former. In general, the active materials of pseudocapacitors are those with high energy density, facilitating pseudocapacitors' better electrochemical performance. The novel nanostructure and type for the developing active materials are summarized in the following section.
Recent Progress
Carbon-Based Electrodes for EDLC
Carbon-based materials have attracted much attention for their desirable chemical performance and physical characteristics according to the principle of EDLC. And the capacitance in EDLS is depended on an electrode-potential-dependent accumulation of electrostatic charge at the interface [7] . The mechanism of surface electrode charge generation includes surface dissociation as well as ion adsorption from both the electrolyte and crystal lattice defects. It can be seen from Fig. 1b that charges can be stored and separated at the interface between the conductive active materials (such as carbon particles or metal oxide particles) and the electrolyte. This interface can be treated as a capacitor with an EDLC, which can be expressed as Eq.
(1):
where A is the area of the electrode surface, ε is the medium (electrolyte) dielectric constant and d is the effective thickness of the electrical double layer. Many researchers focus on the surface improvement of active materials with porous structure and alternative electrolyte with high dielectric constant and feasible charge transport path. Therefore, further improving the ion transport rate of carbon electrodes without sacrificing the charge storage performance is particularly important for EDLCs. Herein, the ion transport kinetics is defined by the ion transport time as Eq. (2) [9, 10] :
where L refers to the ion transport length and D refers to the ion transport coefficient. Two dimensional (2D) carbon constitutes are better alternative because they possess intrinsic advantage over particulate activated carbon since the ion transport length is dramatically shortened in the thin dimension. Bing et al. [10] developed a two-step etching route to ultrathin carbon nanosheets for high performance electrical double layer capacitors with specific capacitance of 220 F/g at 0.5 A/g. Niu et al. [12] used multi-walled carbon nanotubes as the electrode substrate materials, performing the specific capacitance (102 F/g) and power density (8 kW/kg). An et al. [13] discovered the single-walled carbon nanotubes, exhibiting the specific capacitance (180 F/g), energy density (20 W/kg) and power density (7 kW/kg). Futaba [14] reported an ordered single-walled carbon nanotubes, indicating that single-walled carbon nanotubes with ordered array, since the neat structure provides more channels for the movement of ions. Comparing with AC, this special structure of CNT allows more excellent conductivity and chemical performance. However, the existence of large contact resistance between the electrode material and electronic collector greatly restricts the power performance, which brings the growth of carbon nanotubes on conductive substrate (such as gold) in order to decline this contact resistance. Furthermore, the composite of conducting polymer and CNT is an effective approach to reduce the contact resistance and enrich the synergic effect resulting in the improvement of SC performance. For example, the composite of PANI-20 wt% MWNTs has the higher specific capacitance up to 670 F/g in 1 M H 2 SO 4 [7] .
Graphene is a single-layer, mesh honeycomb construct composed of carbon atoms (Fig. 2) . In 2004, British scientist Geim et al. [15] first reported the discovery of graphene indicating that graphene is not only the thinnest material but also exhibits extraordinary electronic properties within 2D flat structure. A realistic quantum capacitance reported by Paula et al. using aryldiazonium modified large area few-layer graphene as electrodes [16] . In addition to its unusual electronic properties, graphene has many excellent properties. Graphene structure can be described as a huge aromatic hydrocarbon-based polymer, demonstrating very excellent electrical and thermal conductivity with 2D flat structure. Since the nanotubes can be considered to be curled graphene prepared, it indicates the pretty mechanical properties of graphene as well as that of carbon nanotubes. Recently, Adriano et al. [17] developed a facile electrochemically exfoliated method to produce 4 . It is known that graphene has excellent electrical conductivity, thermal conductivity, good mechanical properties and a large surface area. To take advantage of these unique properties, scientists try to design composite electrode materials with graphene and graphene oxide as substrate.
Besides, other carbon-based materials also have attracted much attention for their desirable chemical performance and physical characteristics according to the principle of EDLC, such as activated carbon, carbon aerogels, carbon nanotubes and graphene. AC (activated carbon) is the early used carbon electrode material among all carbon-based materials due to its abundant resource, lower costs, simple methods of compound and stability. In theory, the larger specific surface area activated carbon possesses the higher specific capacitance. However, the common activated carbon normally displays low specific surface area, which results in low specific capacitor. Moreover, the arrangement of pore could also have an influence on specific capacitor. Thus, improving the specific surface area and distributed pore will push the development of active carbon.
CNF (carbon nanofiber) includes solid and hollow CNF. The structure of CNF is the result of the convolution of multilayers graphene. The CNF interlayer spacing is greater than that of graphene, so the charge-discharge capacity of CNF displays greater than it generally, and these tubular structures would maintain its stability after many charge and discharge cycles. Tao et al. [18] prepared multi-branched porous carbon nanofibers doped with Li, Na, or K and applied it in electrochemical double-layer capacitor with a specific capacitance of ca. 297 F/g was obtained using 6 M KOH as the electrolyte. The porous structure of CNF benefits the ability to store charge and enrich the channel for ion transferring.
Meanwhile, nitrogen-doped porous CNF webs were also been developed by Huang group, these CNFWs (CNF webs) were prepared by carbonization-activation of polypyrrole nanofiber webs with KOH, and CNFWs exhibit a superhigh reversible capacity of 943 mAh/g at a current density of 2 A/g even after 600 cycles, which is ascribed to the novel porous nanostructure and high-level nitrogen doping [19] .
Besides, helical carbon nanofibers (also named carbon nanocoil, CNC) are one of novel carbon nanostructures with higher surface area, super elasticity, and good stability. Recently, Izumi et al. [20] manufactured EDLC using carbon nanocoils and evaluated it at a high scan rate shown in Fig. 3 . They compared carbon nanomaterials such as AC (activated carbon), AcB (arc-black) and carbon nanocoil by their specific capacitances. CNC and AcB showed the lower charge transfer resistance than AC in the measurement of EIS (electrochemical impedance spectroscopy), and the EDLCs using CNC and AcB kept their specific capacitance almost the same even at a high scan rate.
CAG (carbon aerogels) actually belongs to an ideal carbon-based material for electrical double layer capacitors because of multiple pore structure, equal pore size (less than 50 nm) and high specific surface The results provide an effective way to design the optimum pore size in determining its electrochemical behavior. Except for the hydrolysis and organic electrolyte, the ionic liquid is also considered to prove the electrochemical potential window of the electrolyte used in the energy storage devices. Liew et al. [24] report the investigation of ionic liquid-doped ion conducting polymer electrolytes for carbon-based EDLCs (electric double layer capacitors), and they get higher specific capacitance in EDLC comprising ionic liquid-doped polymer electrolytes.
Ionic liquid-based poly(vinyl alcohol)/ammonium acetate (CH 3 COONH 4 ) ion conducting polymer electrolytes are prepared by solution casting technique.
During the preparation process of energy materials, it will consume a lot of energy and lead to environmental pollution in some degree. Therefore, the use of the original biomass is a sustainable way of development. Recently, Wang et al. [25] reported a cheese-like porous carbon obtained from Lignin, an abundant biomass constituent in nature. EDLC fabricated using this AC as an electrode material showed a specific capacitance of 248 and 211 F/g at a low current density of 0.1 A/g and 10 A/g in 6 M KOH, respectively. This work demonstrates that the N-doped cheese-like porous AC is a promising electrode material for electric double layer capacitors.
Summarily, carbon-based electrodes for EDLC are focused on the field of preparation technology for novel carbon structure with high surface area and porous microstructure to favor the charge storage and enhance ion diffusivity, and the effective including organic, ionic liquid, etc.
Carbon-Based Material for Pseudocapacitors
Different from the EDLC, the thermodynamics redox reaction accompanied with charge acceptance and potential change results in the formation of derivative capacitance named pseudocapacitance. The essence of the pseudocapacitance is the Faradic in origin, involving fast and reversible redox reactions between the electrolyte and electro-active materials on the electrode surface [2] . Compared with EDL capacitance, pseudo-capacitance can be higher than EDL capacitance because of additional contribution from the charge receiving and departing associated with redox action. Normally, the superficial redox transitions of electrode active species involve proton and electron double injection/expulsion. For example RuO 2 , the proton and electron movement can be described as the following Eq. (3):
RuO OH δH δe RuO OH
where RuO x (OH) y and RuO x-δ (OH) y+δ represent the interfacial oxyruthenium species at higher and lower oxidation states [2] . In light of Eq. (3), the reversible redox transitions depend on both proton exchange and electron-hopping processes. Then under a proton-rich electrolyte environment (e.g. H 2 SO 4 ), the faradic charges can be reversibly stored and delivered through the redox transitions of active materials. Recently, Mai et al. [26] 1.10 ) NWs (nanowires) via a facile hydrothermal method for SCs to introduce the concept of deep Faradaic redox reaction. Excepted for unique composition along with define porosity and existence of structure stabilizer counter anions, hydrophilic nature of this NW makes the deep diffusion of electrolyte ions come true. The NWs present extraordinary capacitance of 9,893.75 F/g at 0.5 A/g and excellent energy density of 220 Wh/kg along with high rate capability and stability for 10,000 cycles. These results have shown that the NWs will become promising candidates for the next generation of energy storage devices for high power applications.
Though numerous efforts have been focused on fabricating nanostructured materials such as porous structure that provided an effective pathway for electrolyte and electron transportation, but the enhanced surface area becomes less efficient in contributing to the total charge storage based on the Huang's experimental and theoretical study [27] . They proposed an universal model to the understanding of the relationship between the electrolyte ion size and the carbon pore size in trying to assure the optimal pore size needed in electrode active species. In case of the mesoporous structures (2-50 nm) in carbon-based electrodes, the SC (specific capacitance) normalized to SSA (specific surface area) drops as the pore size decreases (Fig. 4 , zone III and zone IV). Therefore the improvement of surface area contributes less to the total charge storage. By assuming mesopores are cylindrical, the specific capacitance with respect to SSA could be written in the form of Eq. (4).
where ε r is the electrolyte dielectric constant, ε 0 is the dielectric constant of the vacuum, b is the pore radius and d is the distance between approaching electrolyte ion and the carbon surface. In case of less than 1 nm pore size, the ion adsorption could be described by an "electrical wire in cylinder" model as presented in the Eq. (5).
However, little report has addressed the complex relationship between the texture parameters of the electrode materials and the supercapacitance of ECs. Recently, Aiguo Hu group developed a new model to simulate the accommodation of the solvated ions at the electrode surface [29] . Fig. 5 shows their simulation on the theoretical capacitance versus the ratio of the pore and solvated ion diameters (R/r) in a porous electrode with a fractal dimension D of 2.5. In region I, the specific capacitance increases with a decrease in pore size, similar trend reported by Gogotsi et al. in the CDC system. The hosting capacity of a cylinder channel does not considerably change in this region; however, the SSA constantly increases with a decrease in pore size. In region II, the SSA slowly decreases with an increase in pore size; however, the solvated-ion hosting capacity of mesopores sharply increases around R/r = 2, resulting in a rapid increase in specific capacitance. In region III, the SSA steadily decreases with an increase in pore size for porous materials with D > 2, whereas the solvated-ion hosting capacity of pores is close to its maximum [29] . This work is very significant to address the competitive and combined effect of solvated-ion hosting capacity and hosting capacity of a cylinder channel on the specific capacitance with changing pore size.
Another route is to design novel and effective hybrid systems where one SC electrode is associated with a faradic electrode in organic or aqueous electrolyte. The carbon-based hybrid with metal oxides (MnO 2 /CNT [30] , NiO/graphene, Co 3 O 4 /graphene, etc.), metals hydroxide (Ni(OH) 2 /graphene, Co(OH) 2 /graphene, etc.) and other multiplex compound (Ni(OH) 2 -MnO 2 -rGO [31] , CFs/Co(OH) x CO 3 and CFs/Ni(OH) 2 [32] , etc.) are still being extensively investigated at present. As typical electrode active species, RuO 2 is the most promising pseudocapacitive electrode material among the transition metals with remarkably high specific capacitance, high chemical and thermal stability, and good electrochemical redox properties, then their hybrid such as RuO 2 /reduced grapheme [33] , RuO 2 ·nH 2 O/carbon nano-onions [34] , RuO 2 /CNFs [35] , etc. are also developed to get reasonable structure and improve their performance. Manjusha group present a sol-gel technique to form homogeneously dispersed RuO 2 nanoparticles on CNOs (carbon nanoonions), and then get a flexible substrate in a novel process of modifying a conducting carbon paper delivers [40] , etc., were also investigated to good cyclability and environmentally friendly electrolyte. Some typical examples are shown in Fig. 7 . Furthermore, the macrospore flexible devices were designed using these 1D or 2D carbon based materials. [41] . NiO appears to be an especially promising in SC because of its high theoretical SC (2,584 F/g within 0.5 V) and easy oxidation process. At present, some 
Conclusion and Future Prospective
We presented a mini review of development, related effects and storage mechanism for the SCs that Some research directions are suggested to improve the SC performance as follows: (1) Hybrid material is a good choice to address the effective synergistic effect to enhance the charge storage and good cycling performance; the method also benefits it strong interaction allowing mechanical stability; (2) Design reasonable porous structure with suitable pore-size distribution and pore length for facilitating ions diffusion at high rate. And this optimal structure should avoid the high surface area result in the poor volumetric capacitance; (3) Effective novel electrolyte provides faster kinetic and more efficient charge and ions transmission, adsorption and release.
